Many organisms rely on a circadian clock system to adapt to daily and seasonal environmental changes. The mammalian circadian clock consists of a central clock in the suprachiasmatic nucleus that has tightly coupled neurons and synchronizes other clocks in peripheral tissues 1,2 . Plants also have a circadian clock, but plant circadian clock function has long been assumed to be uncoupled 3 . Only a few studies have been able to show weak, local coupling among cells [4][5][6][7] . Here, by implementing two novel techniques, we have performed a comprehensive tissue-specific analysis of leaf tissues, and show that the vasculature and mesophyll clocks asymmetrically regulate each other in Arabidopsis. The circadian clock in the vasculature has characteristics distinct from other tissues, cycles robustly without environmental cues, and affects circadian clock regulation in other tissues. Furthermore, we found that vasculature-enriched genes that are rhythmically expressed are preferentially expressed in the evening, whereas rhythmic mesophyll-enriched genes tend to be expressed in the morning. Our results set the stage for a deeper understanding of how the vasculature circadian clock in plants regulates key physiological responses such as flowering time.
Many organisms rely on a circadian clock system to adapt to daily and seasonal environmental changes. The mammalian circadian clock consists of a central clock in the suprachiasmatic nucleus that has tightly coupled neurons and synchronizes other clocks in peripheral tissues 1, 2 . Plants also have a circadian clock, but plant circadian clock function has long been assumed to be uncoupled 3 . Only a few studies have been able to show weak, local coupling among cells [4] [5] [6] [7] . Here, by implementing two novel techniques, we have performed a comprehensive tissue-specific analysis of leaf tissues, and show that the vasculature and mesophyll clocks asymmetrically regulate each other in Arabidopsis. The circadian clock in the vasculature has characteristics distinct from other tissues, cycles robustly without environmental cues, and affects circadian clock regulation in other tissues. Furthermore, we found that vasculature-enriched genes that are rhythmically expressed are preferentially expressed in the evening, whereas rhythmic mesophyll-enriched genes tend to be expressed in the morning. Our results set the stage for a deeper understanding of how the vasculature circadian clock in plants regulates key physiological responses such as flowering time.
To expedite tissue-specific analysis, we developed a technique to isolate three tissues of leaves with high spatiotemporal resolution. We based our strategy on a previously reported technique for mesophyll and vasculature isolation 8 . After optimizing the buffer and the isolation technique we were able to isolate all three major leaf tissues-mesophyll, vasculature and epidermis-within 30 min (Fig. 1a and Extended Data Fig. 1a, b) . Isolated tissues appeared to be highly purified when observed under the microscope (Fig. 1a) .
As different types of tissues have different gene expression profiles, we applied Vandesompele's method to identify appropriate reference gene sets 9 . Among our 10 candidates, ASPARTIC PROTEINASE A1 (APA1) and ISOPENTENYL PYROPHOSPHATE:DIMETHYLALLYL PYROPHOSPHATE ISOMERASE 2 (IPP2) showed lower gene-stability values (M), suggesting stable expression in all tissues and time points (Extended Data Fig. 1c ). We therefore used the geometric mean of APA1 and IPP2 as an internal control in our quantitative real-time-PCR (qPCR) analysis.
The purity of the isolated tissues was confirmed by detecting the expression of the tissue-specific markers LIGHT-HARVESTING CHLOROPHYLL B-BINDING 2.1 (LHCB2.1) 10 , SULPHATE TRANSPORTER 2;1 (SULTR2;1) 11 and GC1
12 by qPCR over 24 h (Fig. 1b) . In addition, the three primary vascular sub-tissues were identified by marker-gene expression analysis 13 , suggesting that the isolated vasculature is intact (Extended Data  Fig. 1d ). The purity of vasculature was more than 90%, and that of mesophyll and epidermis was more than 80% (Fig. 1c) , indicating that the results from isolated tissues predominantly reflect the dynamics of the respective specialized cells therein. About 77% of total leaf mRNA was derived from mesophyll cells, whereas only about 8% and 15% of mRNA was derived from vasculature and epidermis, respectively ( Fig. 1d and Extended Data Fig. 1e ), suggesting that previous results of circadian clock studies that were primarily using whole leaves or whole plants as the RNA source mostly reflected circadian rhythms in mesophyll cells, and gene expression dynamics in minor tissues such as vasculature or epidermis were largely overlooked.
We next examined the expression of TIMING OF CAB EXPRESSION 1 (TOC1) and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), and that of stress-induced genes under long-day conditions. In all three isolated tissues, 24-h oscillations of TOC1 and CCA1 expression were detected, and these were consistent with the whole leaf, indicating that the isolation process did not affect the rhythms of clock genes (Extended Data Fig. 1f ). Also, no significant induction of stress-induced gene expression was observed (Extended Data Fig. 1g) .
By applying the direct tissue isolation technique, we investigated tissuespecific regulation of the Arabidopsis clock system. Wild-type plants were grown under long-day and short-day conditions, and whole leaves, mesophyll and vasculature from cotyledons were collected every 4 h over 2 days. We then performed a time-course microarray analysis, and detected cycling genes and their diel phases, using the HAYSTACK 14 algorithm with a ,3% false discovery rate (FDR) (Extended Data Fig. 2 and Supplementary Table 1 ). About 50% of the genes in the microarray were identified as cycling genes in each condition, and 96.3% of the genes in and epidermis (right) visualized by dark-field microscopy. See Methods for the detailed protocol. Scale bars are 250 mm. b, Expression analysis of LHCB2.1, SULTR2;1 and GC1 as mesophyll, vasculature and epidermis markers, in the isolated tissues from 10-day-old seedlings grown under long-day conditions. ZT, zeitgeber time. The figure shows representative qPCR results from the three independent biological repeats. c, d, Purities of the isolated tissues (c) and contribution ratios of each of them to whole-leaf mRNA (d) are estimated using the data in Fig. 1b . See Methods for details. Values are mean 6 s.e.m.; n 5 14. the microarray were identified as cycling genes under at least one condition tested, whereas only 10.5% of the genes in the microarray were oscillating together, suggesting tissue-specific and day-length-specific diel regulation (Extended Data Fig. 3a-c) . We also detected 49 genes as new candidates for reference genes that do not cycle across any condition (Supplementary Table 2 ). The percentage of wave-shape model usage and that of cycling transcripts with specific amplitude were comparable among tissue and conditions (Extended Data Fig. 3d, e) .
We first confirmed that known tissue-specific marker genes were correctly identified as such in our microarray analysis (Extended Data Fig.  4a , b and Supplementary Tables 3 and 4), and validated the geometric mean of APA1 and IPP2 as an appropriate reference for tissue-specific clock analyses (Extended Data Figs 1c and 4c ). In conclusion, we confirmed sufficient sensitivity and specificity in the microarray analysis, and defined twofold changes that are significant differences.
We next observed global gene expression profiles in each tissue ( Fig. 2a and Extended Data Fig. 5a, b) . Highly expressed genes in vasculature at ZT16 (blue-coloured genes) showed low expression levels in mesophyll, whereas genes that had lower expression in vasculature (green-coloured genes) showed higher expression levels in mesophyll. In whole leaves, the gene expression profile was pro-mesophyllic, consistent with our previous result that estimated about 80% of RNA in whole leaves came from mesophyll cells (Fig. 1d) . Thus, we note that vasculature has inverse gene expression profiles compared to whole leaf and mesophyll.
The current circadian clock model consists of multiple interlocking loops 15, 16 . The morning loop consists of morning-expressed PSEUDO-RESPONSE REGULATOR genes (PRR), LATE ELONGATED HYPOCOTYL (LHY) and CCA1, and the evening loop consists of evening-expressed EARLY FLOWERING genes (ELF), LUX ARRHYTHMO (LUX) and TOC1. The core loop links these two loops. By comparing the arithmetic mean expression levels in the vasculature with those in whole leaves, we were able to define vasculature-rich genes and mesophyll-rich genes. We found that the morning loop consists of mesophyll-rich genes, whereas the evening loop consists of vasculature-rich genes (Fig. 2b) . ELF4 expression is about tenfold higher in vasculature, suggesting that the functional ELF3, ELF4 and LUX tripartite evening complex 17,18 resides primarily in vasculature, even though ELF3 has rather mesophyll-rich expression. Consistent with this result, Z-score profiles of mesophyll-rich genes (twofold higher in whole leaf compared to vasculature) showed higher scores in the morning, indicating that mesophyll-rich genes tend to be expressed in the morning (Fig. 2c) . Moreover, vasculature-rich genes (twofold higher in vasculature compared to whole leaf) tend to be expressed in the evening of the corresponding day length (Fig. 2c) . Notably, significantly enriched gene ontology slim terms were comprehensively different between mesophyll-rich and vasculature-rich genes, suggesting that the vasculature and mesophyll clocks have different functions (Extended Data Table 1) .
To ascertain whether different tissues have different phases, we examined PRR7, TOC1 and ELF4 as representative clock genes. Although the diel phases of these genes in the isolated tissues were not significantly shifted (Extended Data Fig. 5c ), this was not the trend when comparing all cycling genes. Even accounting for phase randomization by noise, the ratio of phase-locked genes (62 h) was reduced in vasculature versus whole leaf and mesophyll versus vasculature, compared to whole leaf versus mesophyll, indicating that vasculature and mesophyll have relatively distinct global phases (Extended Data Fig. 5d, e) . We then examined if the vasculature clock has characteristic regulatory targets. The P value of each cycling gene was ranked from the largest to the smallest, and the percentage of overlapping genes (POG) was used to assess the percentage of genes that were shared as common targets of the clock in a specific tissue. Higher POGs were observed in whole leaf versus mesophyll, and lower POGs were observed in vasculature versus whole leaf and mesophyll versus vasculature (Extended Data Fig. 5f ), indicating that the vasculature clock has relatively distinct, characteristic regulatory targets. Consistent with this notion, we identified two novel vasculaturespecific elements that we named long-day vasculature element (LVE, ACACGG) and short-day vasculature element (SVE, GCGGGA), both of which showed a higher Z-score in vasculature but not in whole leaves and mesophyll (Extended Data Fig. 6 ). We also found that known elements such as the telo-box, starch box and protein box 19 were rather mesophyll-enriched elements (Extended Data Fig. 6 ).
To support the results obtained from isolated tissues with a noninvasive observation of promoter activity, we next developed a tissuespecific luciferase assay (TSLA) for real-time monitoring of tissue-specific promoter activity. We combined the split-luciferase complementation assay for detecting protein-protein interactions 20 and the AP1 complex, a heterodimer comprising Jun and Fos. The carboxy-and amino-terminal fragments of firefly luciferase (cLuc and nLuc) were fused to the carboxy terminus of A-Fos 21 , the Fos leucine zipper with amphipathic acidic extension, and the c-Jun bZIP domain, respectively. (A-Fos)-cLUC (Ac) and (c-Jun bZIP domain)-nLUC (Jn) were then driven by tissue-specific and clock promoters, respectively (Fig. 3a) . To spatiotemporally regulate the luciferase complementation, we used the TOC1 or CCA1 clock promoter and the SUCROSE-PROTON SYMPORTER 2 (SUC2) vasculature promoter to generate TOC1::Jn, CCA1::Jn and SUC2::Ac, respectively. Cauliflower mosaic virus (CaMV) 35S::Jn and CaMV35S::Ac were used as controls. These constructs were transformed into Arabidopsis, resulting in the transgenic lines that we called CaMV35S/SUC2 TSLA, TOC1/ SUC2 TSLA, TOC1/CaMV35S TSLA, CCA1/SUC2 TSLA, and CCA1/ CaMV35S TSLA. Compared to TOC1::LUC and TOC1/CaMV35S TSLA, vasculature-specific luminescence was observed in 10-day-old TOC1/ SUC2 TSLA seedlings under 12-h light/12-h dark (L/D) conditions ( Fig.  3b-d) . We also examined if the TSLA displayed rhythmic oscillations under free running conditions and confirmed that all lines tested except CaMV35S/SUC2 TSLA oscillated with around a 24-h period (Fig. 3e , f and Extended Data Fig. 7 ). The circadian phase of CCA1 was locked between CCA1/CaMV35S TSLA and CCA1/SUC2 TSLA, whereas for TOC1, TOC1/CaMV35S TSLA it was shifted earlier compared to TOC1/SUC2 
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TSLA. These results reconfirmed our conclusion that there are divergent properties of circadian clock regulation in the vasculature.
The vasculature thus appears to have distinct gene expression dynamics, with characteristic circadian phases and regulatory targets. To test if the vasculature clock is robust in plants, we examined TOC1 expression in whole leaves and vasculature under L/D and free running conditions (Fig. 4a) . The amplitude of TOC1 oscillation under L/D was comparable between whole leaf and vasculature, the ratio between amplitude in the vasculature with respect to the amplitude in whole leaf being close to 1 (Extended Data Fig. 8a ). By contrast, when plants were in free running conditions, the amplitude of TOC1 in whole leaves damped rapidly at the third cycle, whereas a more persistent circadian rhythm was still maintained in the vasculature (Fig. 4a) . Therefore, for every cycle under constant light conditions, the difference between the amplitudes in both tissues increased (Extended Data Fig. 8a ). The robust circadian rhythm in the vasculature persisted for over one week. We also confirmed that the expression of other clock genes, such as CCA1 and ELF4, is also robust in the vasculature (Extended Data Fig. 8b, c) .
To test for asymmetric regulation between tissue-specific clocks, we produced a transgenic line for which the vasculature clock was perturbed by overexpression of CCA1-GFP driven by the SUC2 promoter (SUC2::CCA1). We crossed the SUC2::CCA1 line with the TOC1::LUC line, and observed a strong influence of the vasculature clock perturbation on the whole-leaf TOC1::LUC luminescence ( Fig. 4b and Extended Data Fig. 8d) , even though the RNA contribution ratio of vasculature is less than 10% (Fig. 1d and Extended Data Fig. 1e ). We then monitored TOC1 expression in isolated mesophyll and vasculature under free running conditions. As shown in Fig. 4c , robust TOC1 expression in wildtype vasculature was still observed, but it was weaker in whole leaves and mesophyll. When the vasculature clock was perturbed by SUC2:: CCA1 under the same conditions, TOC1 expression was perturbed not only in vasculature but also in mesophyll, indicating the dominance of the vasculature for clock regulation in the mesophyll (Fig. 4c) . We also used CHLOROPHYLL A/B BINDING PROTEIN 3 (CAB3)::CCA1 for mesophyll clock perturbation 22, 23 . In contrast to SUC2::CCA1, dysfunction of the mesophyll circadian clock affected circadian rhythms only in mesophyll, and TOC1 expression in the vasculature still oscillated persistently. Thus, at least in this condition, asymmetric dominance of the vasculature clock over the mesophyll clock was revealed.
Finally, we investigated whether the vasculature clock can affect a physiological response. In plants, the circadian clock and photoperiodism are tightly coupled, and many clock mutations affect photoperiodic flowering 24 . We therefore generated a set of transgenic lines that express CCA1-GFP driven by different tissue-specific promoters that we had already tested in a previous study 22, 23, 25 (Extended Data Fig. 9 ). Among them, only CCA1::CCA1 and SUC2::CCA1 showed a late-flowering phenotype under flowering-inductive long-day conditions (Fig. 4d) . In addition, the expression levels of FLOWERING LOCUS T (FT) 26, 27 were quite consistent with the flowering phenotypes (Fig. 4d) . Hence, the vasculature clock regulates a whole plant physiological response by regulating the dynamics of FT (Fig. 4e) .
By combining two powerful tools for tissue-specific analysis-a rapid, direct tissue isolation method and the TSLA-we have been able to investigate the tissue-specific regulation of the Arabidopsis circadian clock system.
We have demonstrated that the vasculature clock system is distinct and robust; moreover, it is able to control neighbouring mesophyll cell gene expression and a physiological response. In that sense, the vasculature and mesophyll clocks in Arabidopsis constitute a layered clock , or evening cells and morning cells in Drosophila 28 (Fig. 4e) . Our findings can explain specific functions of the clock in vasculature and mesophyll, but additional tissue-specific analysis with high spatiotemporal resolution will be required to elucidate the contributions of as-yet undefined clock genes to the robustness and sensitivity of the hierarchical circadian clock circuitry that we have uncovered.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. ) conditions at 22 uC for 9 to 10 days. Transgenic plants were generated using the floral dipping method. Flowering times were scored by determining the number of total leaves when the first flower opened. Tissue isolation. For mesophyll isolation, 20 to 30 Arabidopsis cotyledons were put on labelling tape (Shamrock Scientific Speciality Systems, Inc.) and the epidermis was peeled off using Scotch tape (3M). After trimming of the labelling tape, the cotyledons were dropped into a 1.5-ml centrifuge tube containing 1 ml of enzyme solution (0.75% Cellulase Onozuka R-10 (Yakult), 0.25% Macerozyme R-10 (Yakult), 0.4 M Mannitol, 5 mM MES-KOH (pH 5.6), 8 mM CaCl 2 ). The tube was slowly rotated by inversion for 20 min at room temperature, and then the content was passed through a 30-100 mm nylon mesh to remove debris. The filtrate was centrifuged for 5 min at 100 r.p.m. at 4 uC. The supernatant was removed and the tubes were frozen in liquid nitrogen.
For vasculature and epidermis isolation, six 1.5-ml centrifuge tubes were filled with 1 ml of enzyme solution (the same used for mesophyll isolation). Cotyledons were cut and around 20-30 were dropped into each tube (120 to 180 cotyledons were needed in total). The tubes were placed in a sonicator (Bioruptor UCD-250 (Cosmo Bio)) and sonicated gently (Level 'L', means lower output). The contents of each tube were spread on a Petri dish. Under a stereomicroscope, vasculature and epidermis were sorted and collected using two needles. Tissues were frozen in liquid nitrogen and dropped into 1.5-ml tubes. Real-time PCR analysis. Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen) and reverse-transcribed using Transcriptor First Strand cDNA Synthesis Kit (Roche) according to the manufacturer's instructions. Real-time gene expression was analysed with a CFX96 Real-Time PCR Detection System (Bio-Rad). The geometric mean of APA1 and IPP2 was used as a control. Specific sequences for each primer pair were: APA1 forward, 59-TCCCAAGATCCAGAGAGGTC; APA1 reverse, 59-CTCCAGAAGAGTATGTTCTGAAAG; IPP2 forward, 59-GTATGA GTTGCTTCTCCAGCAAAG; IPP2 reverse, 59-GAGGATGGCTGCAACAAGT GT; LHCB2.1 forward, 59-TTGGTGTATCCGGTGGTGGCC; LHCB2.1 reverse, 59-GTCCGTACCAGATGCTTTGAGGAGTAGA; SULTR2;1 forward, 59-GGTG TTGAGCTAGTGATCGTTAACCCG; SULTR2;1 reverse, 59-CCCGTAACACA ACTGGTCCTTTGA; GC1 forward, 59-TCGTCCAAGAATCAATTGTGGGC; GC1 reverse, 59-GTGTTGCCGGAGGTTCCCGG; TOC1 forward, 59-GCCTCT TCGCACCAACGAGCT; TOC1 reverse, 59-TCAGCAAGTCCTAGCATGCGTCT; CCA1 forward, 59-GAGGCTTTATGGTAGAGCATGGCA; CCA1 reverse, 59-TCAGCCTCTTTCTCTACCTTGGAGA; IRX3 forward, 59-GATCGCTGCTAA TCTCCGGC; IRX3 reverse, 59-TCAGAGGCTTTGGCTCTTCA; WOX4 forward, 59-CAAAGCAGCTTCACGACCAC; WOX4 reverse, 59-TCTCCACCATTGGT TCTCTCATA; AtHB8 forward, 59-ACCAGGGGAATTTGGCTACC; AtHB8 reverse, 59-CCGCAATGGACAATAATCCAGC; GFP forward, 59-GAGCTGA AGGGCATCGACTT; GFP reverse, 59-TTCTGCTTGTCGGCCATGAT.
The following thermal cycling profile was used: APA1, 95 uC for 10 s, The primer sequences and reaction conditions for FT were previously described 8 . Each sample was run in technical triplicate to reduce experimental errors. Error bars were calculated from the result of biological replicates (in most case biological triplicates). Data were analysed using CFX manager (Bio-Rad). Estimation of purity and the contribution ratio. For whole-leaf, mesophyll, vasculature and epidermis samples, gene expression levels W, M, V and E of n time points (in this case, 18 time points including 6 time series with biological triplicates) are measured. The contribution ratio of each tissue at a given time, C V(i) , C E(i) and C M(i) , was calculated (equation 1). To circumvent the effect of outliers, trimmed k time points are used. The C v(i) and C E(i) were defined as the reciprocal of the concentration ratio. C W(i) was always 1 by definition.
(i[½1,n, k~ceiling(0:1n), X~fM,V,Eg) :
The contribution ratio of each tissue was calculated by using the trimmed mean (equation 2)
The purity of each tissue at a given time S (i) was also calculated (equation 3). These were calculated by subtracting the contamination ratio in each tissue (i[½1,n, k~ceiling(0:1n), X~fM,V,Eg) :
The purity of each tissue was calculated by using the trimmed mean (equation 4)
Microarray analysis. From Arabidopsis seedlings grown under long-day and short-day conditions for 9 days, whole leaf, mesophyll and vasculature were isolated every 4 h over 2 days. Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. Experimental procedures and quality controls for microarray analysis were performed by the Laboratory of Cellular Biochemistry at the University of Tokyo, Japan. RIN values of whole-leaf, mesophyll and vasculature samples were 7.3 6 0.2, 7.1 6 0.3 and 6.4 6 0.3, respectively. Labelled complementary RNA was hybridized onto an Affymetrix Genechip Arabidopsis Gene 1.0 ST Array using recommended procedures for hybridization, washing and staining. The GeneChips were scanned, and data were normalized by the GCRMA method with R and Bioconductor
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. Since the ST array does not include any mismatch probe sets, which are needed for GCRMA normalization, we applied antigenomic probe sets instead of mismatch probe sets. Normalized data were then analysed with the HAYSTACK algorithm to identify the best-fit model, phase of expression, and to estimate a P value and FDR for each gene.
In the global gene expression analysis, GCRMA normalized log 2 scale data were preprocessed by mean centring. Then the average expression level in the vasculature at ZT0 or ZT16 was set to 0 ( Fig. 2a and Extended Data Fig. 5a, b) . Global gene expression analysis was carried out with Subio Platform V1.15.4276 (Subio Inc., Amami, Japan).
For the definition of mesophyll-and vasculature-rich genes, arithmetic mean expression levels of whole leaf and vasculature were calculated. Definitions of vasculature-rich genes used in Fig. 2b are as follows: [W 3 2 , V, LD and SD], average expression in vasculature is twofold higher than in whole leaf both under long-day (LD) and short-day (SD) conditions; [W 3 2 , V, LD or SD], average expression in vasculature is higher than in whole leaf both under long-day and short-day conditions, and is twofold higher either under long-day or short-day conditions; [W , V, LD and SD], average expression in vasculature is higher than in whole leaf both under long-day and short-day conditions. Mesophyll-rich genes had opposite definitions. In Fig. 2c , mesophyll-and vasculature-rich genes were defined as having twofold higher or lower expressions in whole leaf compared to vasculature.
A Z-score indicates how many standard deviations a value is from the mean (in this case how many genes which have a specific phase bin are enriched or diluted more than expected from all non-biased cycling genes).
For the percentage of overlapping genes (POG) analysis, the P value of each cycling gene was obtained from the HAYSTACK analysis. Cycling genes were ranked by their P values and the POGs between tissues were calculated for the top 100 to 11,000 genes.
For the motif analysis, the combination of 2 day-length conditions and 3 tissues, with the 24 phases of the day, created 144 independent phase bins, each containing hundreds of co-regulated genes. The list of genes in each phase bin served as the input for the enumerative promoter-searching tool ELEMENT 14 (http://www.mocklerlab.
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org/tools), which identified overrepresented 3-8mer 'words' within 500 base pairs (bp) of the upstream promoter regions. Plasmid construction. For TOC1::LUC, the 39 UTR of TOC1 was amplified by PCR from a Col-0 genomic DNA using the following primers: TOC1 39-UTR forward, 59-AGTCGACTGGATCCGGTACCAGATACACCAAG; TOC1 39-UTR reverse, 59-GCGGCCGCGAATTCGGGAGCGATTATATATAAT. The amplified fragment was cloned into the KpnI site of pENTR1A (no ccdb) plasmid using an In-Fusion HD Cloning Kit (TaKaRa). In the same way, the coding sequence of LUC 1 , the 2,068 bp of the TOC1 promoter region and the nosT were cloned step-by-step using the KpnI or XbaI sites of the plasmid. PCR primers were: LUCplus forward, 59-AGTCGACTGGATCCGGTACCATGGAAGACGCCAA AAACAT; LUCplus reverse, 59-TTCTTGGTGTATCTGCTTTACACGGCGAT CTTTCCGC; TOC1 promoter forward, 59-AGTCGACTGGATCCGGTACCCT TCTCTGAGGAATTTCATC; TOC1 promoter reverse, 59-TTTGGCGTCTTCC ATGATCAGATTAACAACTAAAC; nosT forward, 59-GCCGCACTCGAGAT ATCTAGAATCGTTCAAACATTTGGCAA; and nosT reverse, 59-TACAAGA AAGCTGGGTCTAGAGATCTAGTAACATAGATGAC.
After sequencing, this construct was recombined with pFAST-G01 30 . These constructs were introduced into wild-type cells, and transgenic plants were selected by fluorescence of T1 seeds. The 2,068-bp TOC1 promoter region, 1,134-bp CCA1 promoter region, and the 3,498-bp SUC2 promoter region were amplified by PCR from Col-0 genomic DNA using the following primers: TOC1 promoter forward, 59-AAAAAAGCTTCTT CTCTGAGGAATTTCATCAAAC; TOC1 promoter reverse, 59-AAAAAAGCT TGATCAGATTAACAACTAAACCCAC; CCA1 promoter forward, 59-AAAA AAGCTTATCAAAGGAGGAAGAAGAAG; CCA1 promoter reverse, 59-AAAA AAGCTTCACTAAGCTCCTCTACAC; SUC2 promoter forward, 59-AAAAAAG CTTTTTGTCATACATTTATTTGCCACAAG; SUC2 promoter reverse, 59-AA AAAAGCTTATTTGACAAACCAAGAAAGTAAGAAAAAA.
The amplified fragments were cloned into the HindIII or SalI site of pPZP211/ Jn, and pPZP211/Ac (TOC1::Jn, CCA1::Jn and SUC2::Ac).
These constructs were introduced into wild-type plants, and transgenic plants were selected on plates containing kanamycin. T1 plants harbouring Jn or Ac were crossed to establish plants for the TOC1/SUC2 TSLA, TOC1/CaMV35S TSLA, CCA1/SUC2 TSLA, CCA1/CaMV35S TSLA and CaMV35S/SUC2 TSLA.
For tissue-specific promoter (TSP)::CCA1-GFP constructs, the coding sequence of GFP was amplified by PCR using the following primers: GFP forward, 59-CC CGAGCTCATGGTGAGCAAGGGCGAGGA; GFP reverse, 59-CGACGAGCT CTTACTTGTACAGCTCGTCCA.
The amplified fragment was digested with SacI and cloned into pPZP211/NP/ nosT (pPZP211/NP/GFP). The tissue-specific promoters used in a previous study were amplified by PCR using the following primers: CCA1 promoter forward, 59-AAAAAAGCTTATCAAAGGAGGAAGAAGAAG; CCA1 promoter reverse, 59-AAAAAAGCTTCACTAAGCTCCTCTACAC; CAB3 promoter forward, 59-AA AACTCGAGGCCAAGTTCTATCTGTTTGTAA; CAB3 promoter reverse, 59-A AAAGTCGACTGAAACTTTTTGTGTTTTTTTTTTTTTTTG; SUC2 promoter forward, 59-AAAAAAGCTTTTTGTCATACATTTATTTGCCACAAG; SUC2 promoter reverse, 59-AAAAAAGCTTATTTGACAAACCAAGAAAGTAAGAA AAAA; CER6 promoter forward, 59-AAAAAAGCTTACTAAAAATTAAGGGA ACTTGTC; CER6 promoter reverse, 59-AAAAAAGCTTCGTCGGAGAGTTTT AATGTATAATTG; UFO promoter forward, 59-AAAAAAGCTTACATATGTA CTAGACGCAAATAATG; UFO promoter reverse, 59-AAAAAAGCTTTTTAG CTGAAAAATGAAAAGATTTGG; TPS-CIN promoter forward, 59-AAAACT CGAGTTCCAACAAGGGCAGGAAATC; and TPS-CIN promoter reverse, 59-AAAAGTCGACTGATTTAGTAGACTATTCTCTTATTCGTGGC.
The amplified fragments were digested with HindIII (CCA1, SUC2, CER6 and UFO promoter) or XhoI/SalI (CAB3 and TPS-CIN promoter), and cloned into pPZP211/NP/GFP (pPZP211/NP/TSP-GFP).
Finally the coding sequence of CCA1 was amplified from the Col-0 cDNA library using the following PCR primers: CCA1 forward, 59-AAAGGTACCAT GGAGACAAATTCGTCTGG; and CCA1 reverse, 59-AAAAAGGTACCTGTGG AAGCTTGAGTTTCCAAC.
The amplified fragment was digested with KpnI and cloned into pPZP211/NP/ TSP-GFP. The resulting constructs were introduced into wild-type plants by Agrobacterium-mediated transformation. Transgenic plants were selected on agar plates containing 25 mg ml 21 kanamycin in the media. Detection of bioluminescence. Two-week-old plants were sprayed with 2.5 mM luciferin (Biosynth) prepared in 0.005% (v/v) Triton X-100 (Sigma-Aldrich), and transferred to L/D conditions one day before imaging. For photon counting, the emitted luminescence was recorded using a photomultiplier-tube-based bioluminescence monitoring system 32 
